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Reent observatons of high-energy positrons and eletrons by the PAMELA and ATIC experiments
may be an indiation of the annihilation of dark matter into leptons and not quarks. This leptoni
onnetion was foreseen already some years ago in two dierent models of radiative neutrino mass.
We disuss here the generi interations (νη0− lη+)χ and lcζ−χc whih allow this to happen, where
χ and/or χc are fermioni dark-matter andidates. We point out in partiular the importane of
χχ→ l+l−γ to both positron and gamma-ray signals within this framework.
Introdution : Dark matter (DM) is widely reognized
as a neessary omponent of the Universe, but its nature
remains unknown. A possible hint to solving this mys-
tery is the reent observation of high-energy positrons
and eletrons by the PAMELA [1, 2℄ and ATIC [3℄ exper-
iments without any aompanying evidene of antipro-
tons. Consider the interations
f(νη0 − lη+)χ+ f ′lcζ−χc + h.c. (1)
in addition to those of the standard model (SM) of quarks
and leptons, where the new salars η0, η+, ζ−, and the
new fermions χ, χc are odd under an exatly onserved
Z2 symmetry, while all SM partiles are even. Assume
also the onservation of lepton number L so that χ (or η)
has L = −1, and χc (or ζ) has L = 1. To aommodate
nonzero neutrino masses, the usual seesaw mehanism
may be invoked with the term (νφ0 − lφ+)N c, where
Φ = (φ+, φ0) is the SM Higgs doublet and N c is a neu-
tral singlet fermion with L = −1, both of whih are even
under Z2. A large Majorana mass for N
c
will then break
L to (−)L and allow ν to aquire a naturally small Majo-
rana mass, as is well-known. Similarly, a Majorana mass
for χ may also break L to (−)L, in whih ase the quarti
salar term (λ5/2)(Φ
†η)2+h.c. is allowed and a neutrino
mass is generated in one-loop order [4℄. If N c is absent,
mν will be generated solely by partiles whih are odd
under Z2, as proposed already three years ago [5℄, and
may be alled sotogeni, i.e. aused by darkness. As
for the f ′ interation of Eq. (1), it was used in a three-
loop model of neutrino mass [6℄ and in two models of
leptogenesis [7, 8℄.
Whereas the interations of Eq. (1) are motivated by
neutrino mass and leptogenesis, we adopt the viewpoint
in this paper that the ouplings f and f ′, as well as the
masses of the new partiles, are unonstrained parame-
ters, to be explored for their DM properties. For de-
niteness, we will study the ase where f ′ = 0 and χ is
Majorana or Dira. Our results are easily adaptable to
the ase where f = 0 and χc is Majorana or Dira, and
to the ase where both f and f ′ are nonzero, with χ and
χc forming a Dira fermion.
Elaboration : The f interation of Eq. (1) has been
studied before. The ase of L = −1 for (η+, η0) and
L = 0 for χ is the leptoni Higgs model [9℄. There L is
broken expliitly by the soft term Φ†η, so that a small
〈η0〉 is obtained whih allows ν to pair up with χ(= N c)
to aquire a Dira mass. Together with the allowed Ma-
jorana mass for χ, a seesaw mass for ν is obtained. The
ase of L = 0 for (η+, η0) and L = −1 for χ where both
are odd under an exatly onserved Z2 is the prototype
model of sotogeni neutrino mass [5℄. In this ase, the
quarti salar term (λ5/2)(Φ
†η)2 + h.c. is allowed, whih
splits η0 into two partiles, Re(η0) and Im(η0), with dif-
ferent masses [10℄. This allows the lighter of the two to
be onsidered as dark matter [5, 11, 12, 13℄. The ollider
signature of this senario has also been disussed [14℄, as
well as its osmologial impliations [15℄.
If Re(η0) or Im(η0) is dark matter, then its annihila-
tion to a pair of gauge bosons or the SM Higgs boson
will result in both quarks and leptons. If χ or χc is dark
matter, then only leptons are expeted. If f ′ = 0, then χ
may annihilate to neutrinos and harged leptons through
the exhange of η0 and η+. If f = 0, then χc may annihi-
late only to harged leptons through the exhange of ζ−.
In these two ases, we an assume χ or χc to be either
Majorana or Dira. In the ase f 6= 0 and f ′ 6= 0, the
natural senario is that χ and χc together form a Dira
fermion. To avoid avor-hanging leptoni interations,
suh as µ → eγ, whih is an intrinsi problem [16℄ in
models of sotogeni neutrino mass if χ is onsidered as
dark matter, we will assume for simpliity that χ ouples
only to e and νe.
Reli abundane : As mentioned earlier, we will on-
sider for deniteness, only the f interation of Eq. (1).
However, we will make the important distintion between
whether χ is Majorana or Dira. The observed reli abun-
dane of χ is determined by its thermally averaged anni-
hilation ross setion into harged leptons and neutrinos
multiplied by its veloity at the time (or equivalently the
temperature) of its deoupling from the SM partiles in
the early Universe. To this end, we use the well-known
nonrelativisti approximation 〈σv〉 = a + bv2. If χ is
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Figure 1: Correlation between mχ and mη, giving rise to
the orret amount of reli abundane for dierent Yukawa
oupling strengths: (a) and (b) for Majorana χ, () and (d)
for Dira χ. The shadow region where mχ > mη is exluded.
Majorana, we have
(A) a = 0, b =
f4r2
(
1− 2r + 2r2
)
24πm2χ
, (2)
where we have assumed for simpliity equal masses for
η± and η0, with r ≡ m2χ/(m
2
η +m
2
χ). If χ is Dira, we
have
(B) a =
f4r2
16πm2χ
, b =
f4r2
(
11− 40r + 24r2
)
384πm2χ
. (3)
As shown in Fig. 1, there is a strong orrelation be-
tween mχ and mη for a given f , in order that the orret
amount of DM reli abundane [17℄ be produed. Smaller
values of f are allowed if χ is Dira (B) rather than Ma-
jorana (A) beause of a = 0 in Eq. (2). It should also
be mentioned that the oannihilation of χ and η an re-
due f in both ases, if mη is only slightly greater than
mχ [18℄. Here we do not onsider this senario.
Diret detetion : Even though χ ouples only to lep-
tons, it an interat with quarks through its one-loop
eetive oupling to the Z boson. It may thus be de-
tetable in the next-generation diret-searh experiments
for dark matter using nulear reoil. If χ is Majorana,
its eetive interation with quarks is given by
LA =
G
m2Z
(χ¯γµγ5χ)(q¯γµγ5q), (4)
where G is the loop-indued form fator. Fig. 2(a) shows
the spin-dependent (SD) ross setion (σSD) as a fun-
tion of mχ with f = 1.0 (blak) and f ∼ 2 − 5 (green,
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Figure 2: Cross setions for the diret detetion of χ: (a)
Majorana ase, SD only; (b) Dira ase, both SD and SI.
red), where mη is determined by the reli abundane. It
is lear that the SD ross setion is well below the urrent
experimental bounds, O(10−2) pb, owing to the loop sup-
pression, but may be detetable in future experiments. If
χ is Dira, there exist both vetor and axial-vetor ou-
pllings, thus
LB =
G′
m2Z
(χ¯γµχ)(q¯γµq) +
G′′
m2Z
(χ¯γµγ5χ)(q¯γµγ5q). (5)
This means that there is a spin-independent (SI) ross
setion whih an be enhaned by oherent eets as well
as a spin-dependent one. Fig. 2(b) shows both the SD
(solid urves) and SI (dashed urves) ross setions. In
this ase, both may be outside the reah of experiments
in the near future.
Observation of positrons : The measurement of se-
ondary partiles oming from the annihilation of dark
matter in the halo of the galaxy provides a promising way
of deiphering its nature. If positrons are produed and
propagate through the galaxy, their spetrum is distorted
as they pass through the turbulent galati magneti
elds. This propagation an be desribed by a diusion-
energy-loss proess [19℄. The resulting ux seen at Earth
is saled by an overall normalization (boost) fator, due
to the unknown level of lumping of dark matter at the
positron soure. Reently, two experimental ollabora-
tions, PAMELA and ATIC, have reported an exess of
high-energy positrons and eletrons. These onrm ear-
lier results from HEAT and AMS-01, raising the exiting
possibility that dark matter annihilates either diretly,
or indiretly to positrons, but not to antiprotons.
The PAMELA ollaboration observed an exess well
above the expeted bakground in the positron fration
at energies 10−100 GeV [1℄. Many explanations have re-
ently been proposed to aount for this exess inluding
SM extensions [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
31, 32, 33, 34, 35℄, deaying DM [36, 37, 38℄ and non-DM
astrophysial soures [39, 40℄. Due to the abrupt rise in
the positron fration with inreasing energy, the resulting
positron spetrum injeted into the halo is expeted to be
quite hard, indiating either diret annihilation to e+e−,
or states suh as µ and τ leptons whih give o energeti
3seondary positrons. This has been quantied in reent
studies [41, 42, 43℄. To be onsistent with PAMELA data,
the DM masses favored are of the order a few hundred
GeV, given a marginalization over all possible annihila-
tion modes whih result in positrons [42℄.
Reently, the ATIC [3℄ ollaboration also observes an
exess of high-energy positrons and eletrons. In addi-
tion, the data exhibit an exess in the Φe+ + Φe− spe-
trum in the range 300-800 GeV. This result at rst sight
seems to be at odds with the DM andidate favored by
the PAMELA data. However, a ombined t shows that
a 700-850 GeV DM andidate is onsistent with both
PAMELA and ATIC if only harged leptons are allowed.
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Figure 3: Feynman diagrams of the bremstrahlung annihila-
tion proess.
Dark matter bremsstrahlung : The preferene for DM
annihilations to hard positrons suggests the senario of
Eq. (1). In this ase, whether χ is Majorana or Dira
has a striking impat on the resulting positron spetrum.
If it is Majorana, the annihilation ross setion is he-
liity suppressed, leaving only the p-wave omponent in
Eq. 2. However, the veloities at whih dark matter an-
nihilates today (as opposed to the early Universe) are so
small, v/c ≈ 10−3, the p-wave term is even more negligi-
ble. Thus at tree level, annihilations to τ leptons are
dominant beause the s-wave terms are saled by the
mass-squares of fermions to whih the DM pairs annihi-
late. However, the heliity suppression may still be severe
enough that the bremsstrahlung proess χχ → e+e−γ
an be muh more important (see Fig. 3). This eet
has been studied in the ontext of supersymmetry in the
stau-oannihilation region for the PAMELA exess [44℄.
In the extreme nonrelativisti limit v → 0, the osmi
positron spetrum is given by [44℄
dσ
dEe+
∣∣∣∣∣
v→0
=
αf4
256π2m2χ
1
(2x+ µ− 1)
2
×
{(
4 (1− x)
2
− 4x(1 + µ) + 3(1 + µ)2
)
log
1 + µ
1 + µ− 2x
−
(
4(1− x)2 − x(1 + µ) + 3(1 + µ)2
) 2x
1 + µ
}
, (6)
with x ≡ Ee+/mχ and µ = mη±/mχ. The resulting
positron spetrum an exhibit a sharp peak near the kine-
mati endpoint (red urves) in Fig. 4. Depending on the
relative masses of χ and η, interferene eets an dis-
tort the positron spetrum, yielding a seondary peak at
lower energies.
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Figure 4: Energy spetrum of the gamma-ray (blak urve)
and positron (red urve) in the limit of v → 0 for χχ→ e+e−γ
with various values of mχ and mη.
The assoiated photon in this proess may also be
observable with the FERMI gamma-ray telesope [45℄.
With an upper energy range of∼300 GeV, FERMI should
be well positioned to ath a glimpse of the photon signal.
The energy spetrum of the gamma-ray is given by
dσ
dEγ
∣∣∣∣∣
v→0
=
αf4
256π2m2χ
y − 1
(1 + µ− y)
2
×
{
2 (1 + µ) (1 + µ− 2y)
1 + µ− y
log
1 + µ− 2y
1 + µ
−
4x
[
y2 + (1 + µ− y)
2
]
(1 + µ) (1 + µ− 2y)
}
, (7)
with y ≡ Eγ/mχ. The resulting gamma-ray spetrum
from the bremsstrahlung photon (blak urves) in the
Majorana ase peaks before the endpoint, then abruptly
terminates. With inreasing mη± the peak positions are
shifted to the low-energy regime, see the dashed urves,
i.e. the positron and photon beome softer.
If χ is instead Dira, the annihilation ross setion is
dominated by the s-wave omponent in Eq. 3. In this
ase, the DM pairs tend to annihilate to fermions more
demoratially. Further, sine there is no suppression,
the impat of the bremstrahlung proess on the positron
energy spetrum is negligible. Due to the strong suppres-
sion of the annihilation ross setion to fermion pairs in
the Majorana ase, the boost fators required to give the
same spetra seen by PAMELA are typially several or-
ders of magnitude larger than in the Dira ase. On the
other hand, the photon spetrum from bremstrahlung
is muh softer than in the Majorana ase. Sine the
harged leptons in the nal state are relativisti, the ra-
diated photon predominately moves ollinearly with the
harged leptons, i.e. the nal state radiation (FSR)
regime. In this kinemati limit, the ross setion fator-
izes into the short-distane part, σ
(
χχC → ℓ+ℓ−
)
, and
a universal ollinear fator:
dσ(χχC → ℓ+ℓ−γ)
dy
≈ σ(χχC → ℓ+ℓ−)×
4αe2
π
1 + (1− y)2
y
log
4m2χ(1− y)
m2ℓ
. (8)
The photon energy spetrum then peaks around zero.
We illustrate, in Fig. 5, the positron fration as seen at
Earth after propagation eets are inluded in the Med
propagation sheme following Ref. [42℄. Here, we take
Mχ = 450 GeV, mη = 500 GeV and require the ou-
pling f suh that the reli density is saturated. In the
Dira ase, the t is quite good, with a boost fator of
91. However, in the Majorana ase, the t is marginal as
the spetrum is suppressed at higher energies. Due to the
heliity suppression, a huge boost fator of O(106) is also
required to t the data in this ase. With enough pre-
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Figure 5: Positron fration in the leptoni dark matter se-
nario withMχ = 450 GeV and mη = 500 GeV for χ Majorana
and Dira.
ision, by omparing the orrelated signals seen in high-
energy positrons (PAMELA) and gamma-rays (FERMI),
the speis of dark matter and the assoiated exhanged
partile in this senario may be explored.
As this work is being ompleted, a similar paper [46℄
has appeared. However, our results do not agree in the
ase of Majorana dark matter. Speially, it is laimed
there that Majorana dark matter has a nonzero s-wave
ontribution in its annihilaton.
Conlusion : The PAMELA and ATIC observations
may be indiative of a leptoni onnetion in dark-matter
interations, as given by Eq. (1). If the neutral fermion χ
is dark matter, then whether it is Majorana or Dira will
have very dierent preditions, espeially in the dark-
matter bremsstrahlung proess of χχ → e+e−γ. As
Fig. 5 shows, Dira dark matter seems to be favored by
urrent data.
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